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A series of laboratory tests were performed to study the mechanical behaviours of newly developed high
strength rock bolt components, including rebar, thread, plate, and domed washer. The characteristics of
deformation and damage of each component were presented. The stress distribution of plate and domed
washer was investigated through ﬁnite element modelling. The numerical results show that the yield
and tensile strengths of the developed high strength rebar are 33.6%e58.3% and 17.2%e28.7% greater
than those of the conventional rebar, respectively. The increase in yield strength was higher than that in
tensile strength, suggesting an increase in yield to tensile strength ratio and a decrease in elongation. It is
well-known that the thread processing may not be of high precision and accuracy as expected, which is
characterised as rough thread surface, non-identical tooth height, toe stripping, and cracks in the surface.
Hardening during thread processing tends to increase the thread yield and tensile strengths. In this
paper, the typical deformation process of arch-shaped plate is classiﬁed into ﬁve stages. The tested plates
exhibited distinct deformation characteristics and bearing capacities due to variations in shape, size,
material and presence of washer. It was observed that uneven bottom surface, low bearing arch and large
radius of the transitional arc connecting bearing arch and bottom surface were the major reasons ac-
counting for low load-bearing capacity of plates. The performance of domed washer has a close relation
with the shape, size, strength, and deformation compatibility with plate. Stress concentration was
observed on the periphery of the contact surface between domed washer and plate, which is signiﬁcantly
inﬂuenced by the strength of domed washer and is considered to be 20%e30% higher than that of plate.
Finally, a case study in the Datong coal mining district was presented, and the support pattern and effect
of the developed rock bolt were described.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Rock bolting is the major reinforcement pattern in underground
coal mines in China and other major coal mine countries (Peng and
Tang, 1984; Hou et al., 1999; Mark et al., 2001). The strength of bolt
material has increased signiﬁcantly in the past 30 years, from low to
high and very high strength (Kang and Wang, 2007). In the early
period of rock bolting in China’s coal mines, the bolts were made of
round steel with yield and tensile strengths of 235 MPa and
380 MPa, respectively. These low strength bolts were applicable for
roadways under simple geological conditions. Conventional rebarock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.used for civil engineering had once been used in underground coal
mines, which has higher yield strength of 335 MPa, but the rebar
proﬁle was inadequate for high-stressed anchoring. Right-screwing
ribbed steel bolts had also been used in some underground coal
mines, which allowed direct installation of nut on the bolt, but the
reinforcement effect was low. In addition, high pretension cannot
be applied during installation. To overcome these drawbacks, a
series of bolt rebars with high strength have been designed and
produced subsequently. Compared with the conventional bolt
rebar, this new type has the following characteristics:
(1) The shape of the rebar was designed with respect to left-
screwing transverse ribs without longitudinal rib on the sur-
face, which is favourable for stirring resin capsules, and can
signiﬁcantly improve the anchoring quality.
(2) The steel material was specially designed and processed to
achieve high to super-high strength. The yield and tensile
strengths of the rebar can reach 600 MPa and 800 MPa,
respectively, which are about 70% higher than those of the
conventional rebar with yield strength of 335 MPa.
Fig. 2. A sample of severely deformed plate.
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failure, which is greater than that of the rebar with the same
strength used in other engineering projects, say about 15%.
The newly developed high strength rock bolts have been
widely used in many coal mining districts in China, and large
deformation and/or failure of roadways have been effectively
controlled (Kang et al., 2009, 2011). However, as the mining
depth increases, the geological conditions are becoming more
complex, and some challenging issues arise for roadway rein-
forcement using the high strength rock bolts subsequently. One
of the major issues is that some bolts were fractured, as shown in
Fig. 1. Fractured bolts will lose their capacity to support sur-
rounding rock mass, as a result cause roof collapse and rib spal-
ling. The bolt accessories such as plates can also suffer serious
deformation as shown in Fig. 2, further contributing to decrease
in bolting effects.
Comprehensive studies have been conducted concerning the
bolt fracture and severe deformation (Gamboa and Atrens, 2003;
Villalba and Atrens, 2009; Li, 2010; Kang et al., 2013), which can
be roughly classiﬁed into four categories:
(1) Bolt rebar material. The chemical components, mechanical
behaviour and microstructure of bolt rebar material are the
intrinsic factors for bolt fracturing. A rebar with high strength
associated with low elongation and impact ductility is more
likely to fail under complex stress states.
(2) Bolt threads processing technology. Fracturing tends to occur
at the thread potion of a high strength bolt due to the uneven
cross-section and stress concentration induced accordingly.Fig. 1. Samples of bolt threads.The thread proﬁle and processing technology are of great
importance for the mechanical behaviours of bolt bar, which
should guarantee the bearing capacity of thread close or even
identical to that of the rebar.
(3) Compatibility between bolt components. Bolt components
include steel bar, plate, nut, and washer, which should be
compatible on geometry, strength and stiffness, so that the
bolt works well when installed at an inclined angle with
respect to the rock surface. Otherwise, the thread can be
stuck by the domed washer, leading to bolt fracturing or
components severely deformed. The plate is an important
component for the rock bolting system. In this regard,
arched plate and domed washer have been developed to
match the high strength rock bolt. The strength and
deformability of the plate are related to its thickness, ma-
terial, shape, and processing technology (Kang and Wu,
2012). In addition, the domed washer is used in accor-
dance with the plate to adjust the interaction between the
bar, nut and plate.
(4) Bolt stress state. Examinations on failed bolts suggested that
bolt failure was rarely caused by tension alone, but by the
combination of tensile and shear loads. Fracture often occurs at
the thread end or at the rebar close to the plate that suffers
from complex stress states of tensile, twisting, bending and
shearing loads.
Unfortunately, since the development and introduction of the
high strength bolt considering left-screwing transverse ribs
without longitudinal rib on the surface, only simple mechanical
behaviour tests of the bolt like rebar tension tests have been
conducted. Fracture and failure mechanisms of the high strength
bolts have not been thoroughly investigated. In this study, a series
of tests on the deformation and fracture characteristics of the
newly developed high strength bolts were conducted. Steel ma-
terials, steel manufacturing and rolling technology have been
improved using the test data calibration. The mechanical perfor-
mances of the high strength bolt have been signiﬁcantly improved
to meet the requirement for supporting coal mine roadways under
complex geological conditions. In this regard, the laboratory tests
and analyses on deformation and fracture features of the newly
developed high strength bolt rebar, threads and related compo-
nents were presented, including rebar and thread tensioning,
investigation of thread proﬁle and fracture surface, compression of
plate and domed washer. The bolts were sampled from coal mines
and tested on an electro-hydraulic servo-controlled testing ma-
chine. Numerical simulation was performed to study the stress
distribution in the plate and domed washer and their compati-
bility. Finally, a case study was presented to evaluate the rein-
forcement effects of the newly developed high strength bolts. It
should be noted that the anchorage tests between bolt and resin,
and that between resin and surrounding rocks are beyond the
scope of this paper.
Table 1
Test content of rock bolt components.
No. Components Type Number Test
1 Rebar 5 18 Extension
2 Thread 5 20 Extension
3 Plate, domed washer and
anti-friction washer
10 58 Compression and
anti-friction
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2.1. Test equipment
An electro-hydraulic servo-controlled testing machine JAW-
1500 was used for applying extension and compression loads on
the rock bolt components, as shown in Fig. 3.
2.2. Test samples
The test samples include rebar, thread, plate, domedwasher and
anti-friction washer. A total of 96 rock bolt components of 20 types
were tested, as listed in Table 1. Five types of rebars were from four
steel companies with one providing two types of different
strengths. Five types of threads were corresponding to ﬁve types of
rebars. Seven types of plates were from six rock bolt manufacturers
with one involved in two types, and three types of anti-friction
washers were tested.
3. Extension tests on rebars
3.1. Test approach
Extension tests were performed on rebars to evaluate their me-
chanical performances. Five types of rebars sampled from four steelFig. 3. JAW-1500 electro-hydraulic servo-controlled testing machine and diagram-
matic sketch.companies were tested. Each type of rebar consists of 3e5 rock bolts
obtained from three coal support material companies. These bolts
were 2.4 m in length and 22mm in diameter, and had three levels of
yield strength of 335 MPa, 500 MPa and 600 MPa, respectively. Each
bolt was cut into a 700-mm long sample when prepared for tests.
The samples were named as B335, B500-1, B500-2, B500-3 and
B600, in which the numbers 335, 500 and 600 indicated the yield
strength level. Extension load was applied to the two ends of sample
through a ﬁxture on themachine. The length of the bolt end ﬁxed by
the ﬁxture was 100 mm at each end, leaving a 500 mm long section
under pure extension. During the test, the extension load was
gradually increased until the sample was broken. Gauge spots with
spacing of 55 mm were attached on the extension section to mea-
sure extension, and an extensometer gauge with length of 110 mm
was used to measure elastic strain of the rebar.
3.2. Test results
Fig. 4 shows the curves of tensile load versus displacement of 5
rebar samples subjected to extension. The displacement was
composed of not only that of the rebar, but also the sliding
displacement between the rebar end and the ﬁxture on the ma-
chine, and the displacement of tensioned parts on the machine.
Fig. 5 shows the curves of tensile stress versus elastic strain of 5
rebar samples recorded from the extensometer gauge. Figs. 6e8
show the fracture surface of the sample B500-1. The test results
listed in Table 2 are in terms of extension load and strength, where
Pmax is the maximum load; ssu is the upper yield strength, i.e. the
maximum stress prior to the ﬁrst dropping during yielding; ssl is
the lower yield strength, i.e. the minimum stress when the rebars
yielded except for the initial instantaneous effect; sb is the tensile
strength; and ss/sb is the yield to tensile strength ratio.
(1) The ﬁve types of rebars exhibit similar tensile stresse
displacement patterns. At the early stage of extension, the
curves were basically non-linear, which was mainly attributed
to the sliding between the rebar and the ﬁxture. Beyond this
stage, the tensile stress increased linearly with displacement
until it reached the elastic limit. There was a slight differenceTe
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Fig. 4. Tensile load versus displacement of 5 rebar samples subjected to extension.
Fig. 5. Tensile stress versus strain of 5 rebar samples subjected to extension.
Fig. 7. Microstructure of crack initiation and propagation regions on a fractured rebar
sample.
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Fig. 5, ranging from 193 GPa to 212 GPa. Beyond the elastic
limit, the rebar underwent a non-linear deformation, and
yielded when the tensile stress reached the upper yield
strength. The displacement increased evidently with only a
slight variation in load at this stage, followed by a strength-
ening stage characterised by a signiﬁcant displacement change
with the load. After the peak load, the load dropped dramati-
cally till the rebar was broken.
(2) The tensile strength of the B500 rebar was 17.2%e24.3% greater
than that of the B335 rebar, and the load at failure of the B500
rebar with a diameter of 22 mm was over 260 kN. The tensile
strength of the B600 rebar was 28.7% greater than that of the
B335 rebar, reaching 300 kN. The specially designed steel
material and improved steel manufacturing and rolling pro-
cesses can signiﬁcantly improve the strength of the rebar.
(3) The lower bounds of yield strengths of the B500 and B600
rebars were 33.6%e50.5%, and 58.3% greater than that of the
B335 rebar, respectively. The differences between the upper
and lower bounds of yield strength of the 5 types of rebars
were 10e17 MPa, which were much lower than the yield
strength.
(4) The elongation rate and the cross-sectional shrinkage of the
B335 rebar at failure were 29.5% and 64.3%, respectively, theFig. 6. Macromorphology of a fractured rebar sample.maximum values among the 5 types of rebars. The elonga-
tion rate and the cross-sectional shrinkage of the B500 rebar
were 22.7%e25.8% and 61.8%e63.0%, respectively. For the
B600 rebar, the two values were 23.7% and 60.3%, respec-
tively. The differences observed in the test results of the
B500 rebar are attributed to the fact that the three B500
rebar samples were obtained from three different manufac-
turers associated with varied quality-controlling technolo-
gies. All the rebars exhibited large elongation and the
difference in cross-sectional shrinkage was slight. The
deformability of the rebar depended on the yield to tensile
strength ratio, i.e. the lower the ratio, the higher the
deformability.
(5) The edge around the rebar fracture showed apparent necking
with dark grey rough surface. The central section of the frac-
ture surface was relatively neat, which was the crack initiation
and propagation regions perpendicular to the extension
(Fig. 6b). The ﬁnal broken region was not smooth, with small
sections at an angle of about 45 with respect to the extension
direction. These small sections were the ﬁnal fracture surface
formed by forward and reverse shear stresses. The crack
initiation and propagation regions in themiddle of the fracture
surface presented the features of equiaxed dimple ductile
rupture under observation of scanning electron microscope
(Fig. 7), and the ﬁnal crack around the edge of the fracture
displayed shearing dimple (Fig. 8). The rebar was initially
fractured from the central section under tensile stress, and
then the maximum tensile stress around the fracture tips
Fig. 8. Microstructure of ﬁnal broken region on a fractured rebar sample.
Table 3
Comparison of mechanical properties of high strength bolt rebar.
Country ss (MPa) sb (MPa) dm (%) db (%) Ak (J)
China (B600) 623 780 12.3 23.7 52
USA 517 688 8 e e
UK 640 770 8 18 27
Australia 579 802 8 18 e
Fig. 9. Low magniﬁcation photo of thread.
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sented oblique shear breakage in two directions under the
forward and reverse shear stresses.
In addition to the mechanical properties of the bolt rebar
described above, the bolt rebar should be tough enough to resist
brittle fracture at the lowest operating temperature as expected or
under the action of impact loads. The impact absorbing energy, a
parameter to characterize the impact toughness of bolt material,
was also measured. Comparing all the mechanical properties of the
B600 rebar obtained in this study to those of the high strength bolt
rebar in other countries (as shown in Table 3, where dm is the
elongation rate at the maximum load, db is the elongation rate at
failure, and Ak is the impact absorbing energy), it can be noted that
the yield and tensile strengths of the B600 rebar were equivalent to
those used in UK and Australia. But the elongation rate and the
impact absorbing energy were much higher than those used in UK,
USA and Australia, indicating that the B600 rebar can endure moreTable 2
Load and strength of rebar under extension.
Bolt Pmax (kN) ssu (MPa) ssl (MPa) sb (MPa) ss/sb
B335 230.4 395 384 606 0.64
B500-1 285.9 588 578 753 0.77
B500-2 269.9 530 513 710 0.73
B500-3 269.8 585 573 710 0.82
B600 297.2 623 608 780 0.79deformability and impact ductility under the same stress level
applied.
4. Extension test on threads
4.1. Thread proﬁle
The structural proﬁle of the threads was evaluated prior to tests.
Fig. 9 shows the proﬁle of the B500-1 sample where the rough
surface, cracks, and ﬂows can be observed.
A high resolution picture of the thread teeth is shown in Fig. 10.
The thread surface was unevenly distributed and the height of the
adjacent two teeth was unequal. Cracks and ﬂows were distributed
on the surface of the thread teeth, indicating that the thread had
not been appropriately processed. Rough and inaccurate thread
processing can result in a low strength of bolts. Meanwhile, high
pretension cannot be applied on the thread. Therefore, high-quality
processing machines with advanced processing technology are
desirable to improve the quality of bolt thread.
4.2. Extension tests
4.2.1. Test approach
Two types of thread samples, i.e. a pure-thread sample and a
half-thread sample, were cut from the rock bolts as mentioned in
previous sections as shown in Fig. 11. All the threads had a speci-
ﬁcation of M24 and a thread spacing of 3 mm. A speciﬁc device was
developed to anchor the thread to the loading machine. Pure-
thread samples were 120e150 mm long. The length of the threadFig. 10. High magniﬁcation photo of thread teeth.
Fig. 11. Two types of thread samples.
Fig. 14. Fracture proﬁles of thread samples.
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mm long section subjected to extension. The length of half-
thread samples was 280 mm, with the thread end anchored to
the device and the other end directly ﬁxed to the loading machine,
leaving a 170-mm long section subjected to extension.
A total of 20 samples of 5 types (Table 1) were tested with
similar testing approach to the rebar as discussed previously.
4.2.2. Test results
The tensile loadedisplacement curves obtained from the B335
and B600 threads are plotted in Figs. 12 and 13, respectively. As for
the rebar, the displacements included the thread displacement, the
sliding displacement between the thread and the anchor device,
the displacement between the anchor device and the ﬁxture on the
machine, and the displacement of tensioned parts on the machine.
Fig. 14 shows the fracture surface of the thread samples. The test
results are summarised in Table 4 in terms of the maximum load
and strength.
(1) Both the pure-thread and the half-thread samples exhibited
distinct tensile loadedisplacement features compared to theFig. 12. Tensile loadedisplacement curves of B335 threads subjected to extension.
Fig. 13. Tensile loadedisplacement curves of B600 threads subjected to extension.rebar. The thread can signiﬁcantly affect the strength and
deformability of the bolts. The yield points of the half-thread
samples were almost identical to that of the rebar. Both the
upper and lower bounds of yield points were observed even if
at the yield stage small displacement was observed. During the
hardening stage, the increase in load with displacement was
greater than that of the rebar. All the pure-thread samples
exhibited a single yield point but with higher yield strength
than the rebar and higher load increase beyond this yield
point. Minor difference of the maximum load between the two
types of thread samples can be expected.
(2) For the half-thread samples, all the B500 and B600 samples
failed at the thread section while all the B335 samples were
broken at the rebar section. The maximum loads of the B335,
B500-1, B500-2, B500-3 and B600 were 102.7%, 102.7%, 98.6%,
98.4% and 94.2% of the maximum load of the rebar, respec-
tively. The strength of half-thread sample tended to decrease
with the increasing strength of steel material.
(3) For the pure-thread samples, the maximum loads of the B335,
B500-1, B500-2, B500-3 and B600 were 98.5%, 99.8%, 99.1%,
104.1% and 91.4% of the value of the corresponding rebar,
respectively. The ﬁrst three samples had similar tensile strength
compared to the rebar and the fourth hadhigher tensile strength
than the rebar. The B600 sample, however, had considerably
lower tensile strength than the rebar. This can be possiblyTable 4
Load and strength of threads under extension.
Bolt Type Pmax (kN) ssu (MPa) ssl (MPa) sb (MPa) ss/sb
B335 Half 236.7 438 435 700 0.62
Pure 226.9 603 603 673 0.9
B500-1 Half 293.5 690 675 870 0.78
Pure 285.4 770 770 845 0.91
B500-2 Half 266.2 595 580 788 0.74
Pure 267.4 710 710 790 0.9
B500-3 Half 265.6 642 633 787 0.81
Pure 280.9 750 750 830 0.9
B600 Half 279.9 702 685 827 0.83
Pure 271.7 695 695 805 0.86
Fig. 16. Schematic diagrams of plate and domed washer.
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process result in lower thread strength, i.e. the higher the bolt
strength, the more difﬁcult the rolling process.
(4) The thread section exhibited higher yield strength with
smaller cross-section than the rebar, indicating that the tensile
and yield strengths of the thread were increased after pro-
cessing. For the pure-thread samples of the B335, the tensile
and yield strengths were increased by 11.1% and 57.0%,
respectively. The two values for the B500-2 sample were 11.3%
and 38.4%, while 3.2% and 14.3% for the B600, respectively. The
strength increasing rate tended to decrease with respect to
steel material strength. The yield to tensile strength ratio for
pure-thread samples was higher than that of the rebar as the
increasing rate of tensile strength was less than that of yield
strength.
(5) For the pure-thread samples, the elongation rates at failure of
the B335, B500-1, B500-2, B500-3 and B600 samples were
20.5%, 13.5%, 17.9%, 18.9% and 22%, respectively, which were
69.5%, 57.0%, 69.4%, 83.3% and 92.8% of the value of the cor-
responding rebar, respectively. The elongation rate of the
thread tended to increase with material strength. The elon-
gation rate at the maximum load of the pure-thread samples
was larger than that of the half-thread samples. In a global
sense, however, it was also less than that of the rebar. In other
words, the deformability capability of the thread is weaker
than the rebar.5. Plate and washer tests
5.1. Test samples and approach
5.1.1. Plate and domed washer
Compression tests were performed on two types of plates to
evaluate their bearing capacities, i.e. the plate with and without
domed washer as shown in Fig. 15. The domed washer has a major
impact on the stress conditions of rock bolt when the bolt is not
installed perpendicularly to the plate.
Fig. 16 shows the details of the plate and domed washer, where
hp, hw and h are the heights of plate and domed washer and their
combination height, respectively; t and l are the thickness and
width of plate, respectively; r is the radius of the transitional arc
connecting bearing arch and bottom surface; dp1 and dp2 are the
diameters of lower bearing arch and hole in plate, respectively; dw1
is themaximum external diameter of domedwasher; and dw2 is the
diameter of the hole in it.Fig. 15. Two types of plates for tests.A total of 7 types of plates with different geometries were
sampled from 6 rock bolt manufacturers for the tests. Table 5 gives
the geometric parameters of these plates. The steel type of the plate
P-4 was Q195 and all the others were Q235.
The plates (with or without domed washer) were placed be-
tween the platen of the servo-controlled machine and the press
head (Fig. 17). Cares were given to the deformation and failure of
the plates.
5.1.2. Anti-friction washer
A plastic washer was placed between the nut and domed
washer to reduce the friction between them and subsequently
increased the coefﬁcient of the torque-to-tension conversion. The
mechanical performance of the plastic washer depends on its ma-
terial, thickness and diameter. A series of torque-to-tension con-
version tests were performed to evaluate the performance of the
plastic washer, and 4 types of threads (M18, M20, M22 and M24)
were used. Each type of thread had 3 samples tested under 3
different conditions, i.e. no plastic washer, 1010 polyamide washer,
and high density polyethylene washer. These tests were carried out
on a speciﬁcally designed machine for testing torque-to-tension
conversion (Fan, 2007; Li, 2012).
5.2. Test results
5.2.1. Plate and domed washer
Fig. 18 shows the loadedisplacement curves of the 7 testing
plates subjected to compression. A plate is considered to fail when
the compressive deformation of the plate reaches 30% of its original
height (The Professional Standards Compilation Group of People’s
Republic of China, 2011). The deformation and failure of the
plates under compression can be classiﬁed into ﬁve stages as
shown in Fig. 19: (1) stage I, the bottom surface is ﬂat at
compression; (2) stage II, the bottom surface starts to warp; (3)Table 5
Geometric parameters of plates.
Plate Bottom size
(mm  mm)
t (mm) hp (mm) hw (mm) dw1 (mm) h (mm)
P-1 150  150 10 38 20 49.6 46
P-2 150  150 10 34.5 13.5 46.7 40
P-3 150  150 10 39 18 41.7 50
P-4 150  150 10 37 23 50 53
P-5 147  147 13 37 e e e
P-6 110  110 10 34 e e e
P-7 150  150 10 30 22 45 45
Fig. 17. Plate load-bearing tests.
Fig. 19. Schematic diagram showing deformation stages of plates under compression.
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arch starts to contact the bottom platen; (4) stage IV, the maximum
load is reached; and (5) stage V, the arch is ﬂat at compression or
the domed washer is pushed to contact the bottom platen. The load
and deformation of the plates at different deformation stages are
given in Tables 6 and 7, respectively, where Pf is the failure load of
plates. Figs. 20 and 21 present the failure patterns of plates without
and with domed washer, respectively.
(1) Different types of plates exhibited different characteristics of
deformations and failure modes. Typical deformation and
failure process of arch-shaped plate can be divided into 5
stages. Stage I was from the beginning of loading to the state
that the bottom surface became completely ﬂat under
compression. During this stage, the gap between the platen
and the bottom surface of the plate was gradually reduced
under compression till the two parts were completely
attached. With continuous loading, the compression load
increased rapidly until the periphery of the bottom surface of
the plate started to warp upward. Then the increasing rate of
compression load tended to decrease, and this stage was
regarded as stage II. Stage III was from the end of stage II to the
point that the interior annulus line on the base of the arch
started to contact the bottom platen. At this stage, the pe-
riphery of the bottom surface of the plate continued to warp
upward. The compressive deformation of the plate increased
dramatically with slight increase in load. The majority of theFig. 18. Loadedisplacement curves of plates under compression.loads were subjected to the bearing arch of the plate. Stage IV
was from the end of stage III to the point that the compression
load reached its peak value. At this stage, the load increased to
the peak value rapidly. Stage V was from the end of stage IV to
the state that the plate was ﬂat under compression. At this
stage, the bearing arch moved downward, and then extendedTable 6
Loads of plates at different deformation stages (unit: kN).
Plate Stage I Stage II Stage III Stage IV Stage V Pf
P-1 19.4 197.6 250.6 387.1 354.0 377.6
P-2 61.7 169.5 186.6 276.6 272.7 236.5
P-3 96.1 224.0 230.4 248.7 228.6 232.4
P-4 27.8 223.2 282.6 389.3 336.9 372.0
P-5 e 64.8 121.8 183.8 e 166.6
P-6 e 61.7 100.2 190.6 141.3 186.7
P-7 26.9 185.2 e 283.6 186.5 220.8
Table 7
Displacement (mm) and compression rate (%) of plates at different deformation
stages. The red line indicates the stage at which the compressive deformation of the
plate reached 30% of its original height, h (mm).
H. Kang et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 14e2622outward and turned over. The load gradually decreased until
the arch turned to be ﬂat or the domed washer reached the
bottom platen. The loads at failure of plates were usually be-
tween stages III and IV (3 of total 7 plates in Table 7), IV and V
(3 of total 7 plates), and only one plate (P-3) failed between
stages II and III.
(2) The bearing capacity, deformation process, key points during
deformation, and deformation magnitude of the plates were
different due to the differences in plate shape, size, material
and the presence of domedwasher. The deformation process ofFig. 20. Failure pattern of the plate without domed washer.
Fig. 21. Failure pattern of the plate with domed washer.the 7 tested plates can be classiﬁed into 3 types: the ﬁrst type
included plates P-1, P-2, P-3 and P-4. The second type involved
plate P-5 that was similar to the ﬁrst type (stages IeV). The
only difference was that the load on the plate increased to a
high value after stage V, which may account for the fairly large
plate thickness and small arch height, and the plate was ﬁnally
pressed to be ﬂat to contact the bottom platen. The third type
covered plates P-6 and P-7. Deformation increased with
loading until the arch was overturned. For this type, stage III
was not evident, leading to a direct transition between stages II
and IV, which might be related to the relatively small height of
plates.
(3) The tested plates exhibited different load-bearing capacities.
The plates P-5 and P-6 showed the lowest load-bearing ca-
pacity, which mainly attributed to the uneven bottom surface
(Fig. 19a), leading to an unclear transition between the bearing
arch and the bottom surface. The load-bearing capacity of the
plates P-2, P-3 and P-7 was intermediate among the tested
plates. The relative low load-bearing capacity was observed
due to the large transitional arc between the bearing arch and
the bottom surface. The load-bearing capacity of the plates P-1
and P-4 was the highest with the maximum load of 389.3 kN
and the load at failure was more than 370 kN. These two types
of plates had even bottom surface and small transitional arc
between the bottom surface and the bearing arch. It can be
concluded that higher bearing arch, smaller transitional arch
between the bottom surface and the bearing arch, and even
bottom surfaces contribute to higher load-bearing capacity.
The inﬂuences of plate thickness and material were minor. It is
recommended that the height of plate should be larger than
34 mm for arched plate with a size of
150 mm  150 mm  10 mm. It should be noted that although
themaximum load of the plate P-7 with a height of 30mmwas
higher than those of the P-2 and P-3 plates with the height of
34.5 mm and 39 mm, respectively, the load at failure of the
plate P-7 was less than those of the P-2 and P-3 plates as the
load on the plate P-7 dropped rapidly beyond the failure point.
(4) The tested plates exhibited different deformability behaviours.
The compression rate (the ratio of plate compression displace-
ment to its initial height) of the plates P-2 and P-3 was much
larger than that of the other plates at stages I and II. There were
three plates exhibiting high deformability with the compres-
sion rate more than 23% at stage III, where the compression rate
of the plates P-1 and P-4 was less than 13%. At stage IV, three
plates had compression rate more than 30% at failure. The ﬁnal
compression rate of all the plates was 37%e57%, suggesting that
an appropriate plate should exhibit high load-bearing capacity
and a certain degree of compression rate. The plates P-1 and P-4
were considered to have reasonable structure and excellent
mechanical performance. In a common sense, an inadequate
design of plate will result in low load-bearing capacity and high
deformation rate.
(5) The plates with domed washer had an initial gap between the
plate and the domed washer prior to loading. The gap dis-
appeared when the load was applied. The load at failure of the
5 plates with domed washer was 220e378 kN. The plates P-2,
P-3 and P-7 with load at failure of 220e237 kN were compa-
rable to the bearing capacity of BHRB500 rock bolt with 22-
mm diameter (250 kN), while the plates P-1 and P-4 with
load at failure of 372e378 kN were comparable to BHRB600
bolt with 25-mm diameter (380 kN). The rotatable movement
between the plate nest and the domed washer was critically
important for the performance of the plate. Two of the 5 plates
exhibited small deformation in the domed washer and no
evident compression was observed on it, indicating a
Fig. 23. Numerical models of rock bolt components.
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plates exhibited large deformation and evident compression
on the domed washer (Fig. 21b), suggesting an unfavourable
performance.
5.2.2. Anti-friction washer
Fig. 22 illustrates the curves of pretension against the torque
applied on nut with different anti-frictionwashers. From the curves
we found:
(1) The pretension increased linearly with the torque, regardless
of the types of the anti-friction washers.
(2) Under the same value of torque, the bolt without anti-friction
washer suffered the lowest pretension. The installation of anti-
friction washer appeared to increase the efﬁciency of the
torque-to-pretension transition.
(3) In contrast to the condition without anti-friction washer, the
1010 polyamide washer can increase the pretension by 32.9%e
49.6%, while 4.7%e28.9% for the high density polyethylene. It is
advisable that the 1010 polyamide washer was better than the
high density polyethylene washer.
6. Numerical simulation of plate and domed washer
Numerical analysis was conducted using software package
ANSYS to investigate the stress state and the compatibility between
plate and domed washer.
6.1. Numerical model
The simulated plate was arch-shaped with a size of
150 mm  150 mm  10 mm. The simulated domed washer was
hemispheric with external and internal radii of 25 mm and 15 mm,
respectively. The simulated bolt was 200 mm in length and 22 mm
in diameter, anchored with an M24 ﬂange nut. The plate, domed
washer, bolt and nut were discretized into 32,319, 30,547 and 43,064
tetrahedral Solid-95 elements. Fig. 23 shows the numerical models.
The plate, domed washer, rebar and nut were considered to be
non-linear materials following the bi-linear isotropic hardening
BISO criterion. The Young’s modulus and Poisson’s ratio were
200 GPa and 0.26 for all the parts, respectively. The yield strength
and the shear modulus after yield of the plate and domed washer
were 235 MPa and 10 GPa, respectively. The yield strength of the
domed washer was prescribed to be 285 MPa and 335 MPa sepa-
rately for a parametric study. The yield strengths of the rebar and
nut were 600 MPa and 500 MPa, respectively, and their shear
modulus was 10 GPa.
The contact surfaces between the domed washer and the plate
nest, and that between the domed washer and the nut wereFig. 22. Relationship between torque and pretension during bolt installation.symmetrical, can slide but not be separated. The contact surface
between the domed washer and the plate nest was simulated as
follows: the plate was the target face represented by the Targe170
elements, the domed washer was the contact surface represented
by the Contac174 elements, and the friction coefﬁcient between the
plate and domed washer was 0.3. The contact face between the nut
and the domed washer was simulated as follows: the nut was the
target surface represented by the Targe170 elements, the domed
washer was the contact surface given by the Contac174 elements,
and the friction coefﬁcient between the nut and domedwasher was
0.15.
The bottom surface of the plate was ﬁxed in all directions and a
pull-out load was applied to the bottom end of the bolt with
magnitude gradually increasing from 0 kN to 300 kN.6.2. Numerical results
Fig. 24 shows the distribution of the von Mises stresses smises in
the plate and domed washer when the pull-out load was 200 kN
and the yield strength of the domed washer was 235 MPa. From
Fig. 24 we can see that:(a) Cross-section.
(b) 3D. 
Fig. 24. Simulated stress distribution in plate and domed washer.
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contact surface between the domed washer and the plate. The
maximum stress occurred at the upper contact surface be-
tween the domed washer and the plate nest.
(2) The simulated maximummagnitude of stress concentration in
the domed washer was greater than its yield strength. The
stress decreased with the distance away from the maximum
stress concentration in both the tangential and radial di-
rections. The stress in the radial direction followed a ring-like
pattern and increased at the upper periphery of the internal
hole of the domed washer.
(3) The concentrated stress at the upper boundary of the contact
surface between the domed washer and the plate nest was
greater than the yield stress of the plate. Furthermore, large
stress concentration occurred on the transitional arc between
the bearing arch and the bottom surface of the plate. In some
areas, the induced stress was greater than the yield strength.
The external surface of the bearing arch yielded higher stress
than that at the internal surface, and the bottom surface of plate
yielded higher stress than the top surface.
The stress distribution along the periphery of the contact
surface between the domed washer and the plate had a sig-
niﬁcant inﬂuence on the compatibility and performance of the
plate and the domedwasher. Large plastic deformation resulted
in suppression of rotation between them. Fig. 25 shows the
stress variations at the periphery of the contact surface between
the domed washer and the plate as the pull-out load increased
from 0 kN to 300 kN. The stress monitoring point (point A in
Fig. 24a) was the outer intersection point of the domed washer
and plate on the cross-section.
(4) As the pull-out load increased, the stress concentration along
the periphery of the contact surface between the domedFig. 25. The maximum stress developed at the periphery of contact surfaces between
the domed washer and the plate.washer and the plate signiﬁcantly increased until the pull-out
load reached 50 kN. The domedwasher started to yield and the
stress increase rate decreased. The plate remained elastic and
the maximum stress increased linearly.
(5) The strength of the domedwasher had limited inﬂuence on the
stress distribution in the plate nest. The maximum concen-
trated stress in the plate was 250 MPa for the three strength
values of the domed washer, 6.4% greater than the yield
strength of the plate.
(6) The strength of the domed washer had a major inﬂuence on
stress distribution in it. When the yield strength was
235 MPa, 285 MPa and 335 MPa, the maximum concentrated
stresses were 292 MPa, 316 MPa, and 343 MPa, respectively,
which were 24.3%, 10.9% and 2.4% greater than the yield
strength of the domed washers, respectively. As the strength
of the domed washer increased, the ratio of the maximum
concentrated stress to the yield strength decreased. When
the yield strength of the domed washer was 285 MPa, the
ratio of maximum concentrated stress to the yield strength of
the domed washer was identical to that of the plate. It is
therefore suggested that a domed washer with the yield
strength of 285 MPa is equivalent to a plate with the yield
strength of 235 MPa. In other words, the strength of domed
washer is suggested to be 20%e30% higher than that of the
plate.
7. Case study
The newly developed high strength bolts have been used in
several coal mining districts in China, including the Datong, Lu’an
and Jincheng mining districts in Shanxi Province, the Xinwen
mining district in Shandong Province, and the Yima mining district
in Henan Province. A case study in a tailgate in the Tashan coal mine
of the Datong mining district was presented in this context.
7.1. Geological conditions and initial support pattern of the tailgate
The coal seams Nos. 3e5 in the Tashan coal mine were 14e20 m
in thickness, averaging 16.8m. The coal seamwas soft and fractured
with complex structures due to igneous rock intrusion. The
maximum and minimum uniaxial compressive strengths (UCSs) of
the coal seam were 17.9 MPa and 7.7 MPa, respectively, averaging
12.4 MPa. The immediate roof was the interbed of magmatic rock,
carbon mudstone and siliciﬁed coal with the thickness of 2.6e
6.4 m, averaging 4.5 m. The main roof consisted of siltstone, ﬁne
sandstone and pebbled coarse sandstone, with an average thick-
ness of 22.9 m. The ﬂoor was kaolinitic mudstone with an average
thickness of 4.9 m. In-situ stress measurements were carried out in
the ﬁrst mining district with hydraulic fracturing method. The
maximum and minimum horizontal principal stresses were
12.4 MPa and 8.2 MPa, respectively, and the vertical stress was
11.7 MPa.
The tailgate at the depth of 467 m was driven along the ﬂoor of
the seam with extra thick top coal as its roof. The initial support
pattern of the tailgatewas of rock bolting in combinationwith cable
bolts. The roof bolts were 2.4 m in length and 22 mm in diameter,
with the yield strength of 335 MPa and the tensile strength of
490 MPa, and were partially anchored with resin capsules. The bolt
plates were arch-shaped with side length of 100 mm and thickness
of 8 mm. W-shaped straps and metal meshes were installed with
the roof bolts for surface control. The cable bolts were 8.3 m in
length and 17.8 mm in diameter with 1  7 strand structure, and
they were installed with ﬂat plates with side length of 300 mm and
thickness of 10 mm. The longwall panel rib of the tailgate was
supported by round steel bolts with the length of 1.8 m and the
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bolts with the length of 2 m and the diameter of 22 mm. The row
spacing and the spacing between two adjacent bolts in a same row
were 0.9 m for both the roof and rib bolts. The row spacing of the
cable bolts was 2.7 m and the spacing between two adjacent bolts
in a same row was 1.6 m.
The tailgate was stable during the entry heading period. How-
ever, fractured bolts, severely deformed plates and torn straps were
observed as the tailgate was affected by the mining-induced stress
from the adjacent coal face, leading to obvious roof sag and local
collapse, and severe side bulking and spalling. The reasons ac-
counting for this scenario were considered to be the low bolt
strength, poor compatibility between bolt components and low
pretension during bolt installation.7.2. New bolting pattern
To solve the problems related to bolt fracture and poor bolting
performance, a new bolting pattern using the newly developed
high strength bolts was proposed for another tailgate in the Tashan
coal mine, the 5105 tailgate of the 8105 longwall panel. The tailgate
was 5.5 m wide and 3.9 m high, with the depth of approximately
470 m, and was driven along the coal seam ﬂoor, leaving a top coal
thickness of 10.1e16.1 m.
The roof bolts were made of the B600 rebar (see Table 2) with a
diameter of 22mm and a length of 2.4 m, and partially encapsulated
with resin. High strength plates and domed washers (P-1 plate in
Table 5 with the bearing capacity of 377.6 kN) were installed with
the roof bolts. The 1010 polyamide washers were installed between
the nut and domed washer to improve the efﬁciency of torque-to-
pretension transition. The torque applied on the nut was designed
to be 400 N m, leading to a pretension on the bolt of approximately
60 kN. W-shaped straps and diamond metal meshes were installed
for surface control. The row spacing of roof bolts was 0.8 m with 7
bolts per row. The cables were 8.3 m long, three cables per rowwith
the row spacing of 1.6 m. The cables were made of the strand with
1  19 structure and had a diameter of 22 mm and a maximum
tensile load of 560 kN. The cable plates were arch-shaped with
domed washers, a side length of 300 mm, a thickness of 16 mm, a
height of 58 mm, and a bearing capacity of greater than 830 kN. The
cables were installed with the pretension of 200e250 kN.
The rib bolts were the same as the roof bolts. Large W-shaped
plates with a length of 450 mm, a width of 280 mm and a thickness
of 5 mm, andmetal meshes were installed with rib bolts for surface
settlement control. The row spacing of rib bolts was 0.8 m with 4
bolts per row in each rib. The layout of bolts and cables is shown in
Fig. 26.Fig. 26. Layout of bolts and cables for the tailgate 5105 in the Tashan coal mine, Datong
mining district.7.3. Field monitoring
The tailgate convergence, roof separation, loads of bolts and
cables were monitored during tailgate heading and coal panel
extraction periods.
(1) During heading period, the tailgate convergence became sta-
ble when the heading face was 65 m away from the moni-
toring station, and the total roof-to-ﬂoor and side-to-side
convergences were 22 mm and 19 mm, respectively. The total
roof separation within 7 m into the roof was 7 mm, 6 mm of
which occurred in the bolted zone. The deformation of rock
surrounding the tailgate was minor during the heading
period.
(2) Fig. 27 shows how the tailgate convergence increased as the
longwall face approached the monitoring station. The
convergence began to slowly increase when the distance be-
tween the monitoring station and the longall face was
approximately 116 m. Noticeable increase in the tailgate
convergence was observed when the distance was approxi-
mately 70 m. The tailgate convergence started to increase
quickly when the distance was approximately 17 m. When the
distance was 8 m, the roof-to-ﬂoor and side-to-side conver-
gences were 252mm and 405mm, respectively, accounting for
6.5% of the original tailgate height and 7.4% of the original
width, respectively.
(3) The monitored loads on the bolts began to slowly increase
when the distance between the monitoring station and the
coal face was approximately 110 m. Sharp changes in the loads
were observed when the distance was approximately 70 m.
The peak value was roughly 250 kN when the distance was
around 20 m. Beyond this, the loads on some bolts decreased
as the longwall face approached the monitoring station. Most
of the monitored bolts were effective, only few bolts were
fractured.
The monitoring data demonstrated that the newly developed
high strength bolts can successfully control severe deformations of
the tailgate with large cross-section and thick coal roof, and the
surrounding rocks were stable during the whole service period.8. Conclusions
The mechanical performances of rock bolt components were
thoroughly investigated through laboratory experiments and nu-
merical analyses. The newly developed high strength bolts are
successful in practical application in China’s coal mines. The main
conclusions are drawn as follows:Fig. 27. Tailgate convergence curves during coal face advancing.
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and tensile strengths of 710e780 MPa, which are 33.6%e
58.3% and 17.2%e28.7% greater than those of the conventional
rebar. The increase in yield strength is higher than that in
tensile strength, leading to an increase in yield to tensile
strength ratio and a decrease in elongation. The yield to
tensile strength ratio is a key factor representing the
deformability of rebar. The less the ratio, the higher the
deformability.
(2) It is noted that the thread processing of bolts is rough and
inaccurate, characterized by rough thread surface, non-
identical tooth height, toe stripping, and cracks in surface.
It is desirable to reduce the defects and damage induced
during thread processing to obtain high-quality thread.
(3) Approximately 70% of tested threads exhibited lower load-
bearing capacity than the rebar. The hardening during thread
processing increases the yield and tensile strengths of the
thread. The increase in yield strength is greater than that in
tensile strength, indicating an increase in yield to tensile
strength ratio. The elongation of tested threads is less than that
of the rebar.
(4) Typical deformation process of arch-shaped plate can be
classiﬁed into ﬁve stages. The shape, size, material and washer
have signiﬁcant inﬂuences on the deformability and load-
bearing capacity. Uneven bottom surface, low bearing arch
and large transitional arc between the bearing arch and the
bottom surface contribute to low load-bearing capacity.
Appropriate shape and size of plate are of great importance to
achieve high load-bearing capacity with a certain degree of
deformability. For a plate with a size of
150 mm  150 mm  10 mm, the height of the plate is sug-
gested to be no less than 34 mm.
(5) Stress concentrations were observed on the periphery of
contact surfaces between the domedwasher and the plate, and
the maximum stress was greater than the yield strength of the
plate and domed washer. This type of stress distribution has a
major effect on the compatibility and performance of the plate
and domed washer. Large plastic deformation of the domed
washer can resist the rotation between them. The strength of
domed washer is suggested to be 20%e30% higher than that of
the plate.
(6) A case study carried out in a tailgate demonstrated that the
newly developed high strength bolts can successfully control
the severe deformations of the tailgate with large cross-
section and thick coal roof during the whole duration of
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